We describe a duplication of 10 nucleotides (2, 464) in the band 3 gene in a kindred with autosomal dominant hereditary spherocytosis and a partial deficiency of the band 3 protein that is reflected by decreased rate of transmembrane sulfate flux and decreased density of intramembrane particles. The mutant allele potentially encodes an abnormal band 3 protein with a 3.5-kD COOH-terminal truncation; however, we did not detect the mutant protein in the membrane of mature red blood cells. Since the mRNA levels for the mutant and normal alleles are similar and since the band 3 content is the same in the light and dense red cell fractions, we conclude that the mutant band 3 is either not inserted into the plasma membrane or lost from the membrane prior to the release of red blood cells into circulation. We further show that the decrease in band 3 content principally involves the dimeric laterally and rotationally mobile fraction of the band 3 protein, while the laterally immobile and rotationally restricted band 3 fraction is left essentially intact. We propose that the decreased density of intramembrane particles decreases the stability of the membrane lipid bilayer and causes release of lipid microvesicles that leads to surface area deficiency and spherocytosis. (J. Clin. Invest. 1994. 93:121-130.) Key words: erythrocyte membrane band 3 protein * congenital hemolytic anemia * frameshift mutation -density gradient centrifugation * transmission electron microscopy
1. Abbreviations used in this paper: DIDS, di-isothiocyano-dihydrostilbene disulphonate; E5M, eosin-5-maleimide; HS, hereditary spherocytosis; IOV, inside-out vesicles; SSCP, single-strand conformation polymorphism.
cell morphology, clinical severity, and the underlying molecular defects ( 1 ). The principal membrane protein abnormalities involve a deficiency of spectrin (2, 3) or a combined deficiency ofspectrin and ankyrin (4) with the reported underlying mutations involving a spectrin (5) , f spectrin (6) (7) (8) , or ankyrin (9-1 1 ). Recently, two laboratories have detected a subset of -20% of HS kindred who are deficient in the band 3 protein (12, 13) . Restriction fragment length polymorphism study in one large family with HS and band 3 deficiency excluded linkage to a spectrin, f spectrin, and ankyrin and suggested linkage to the band 3 protein ( 14) .
Band 3 is the most abundant protein of the red cell membrane. The protein consists of two domains with separate and largely independent functions. Most of the COOH-terminal 56-kD membrane domain consists of 12-14 membrane-spanning a helices connected by endo-and ectoplasmic loops. The main function of the membrane domain is to mediate anion exchange across the membrane. The NH2-terminal 45-kD cytoplasmic domain anchors the membrane skeleton to the membrane via interactions with ankyrin, protein 4.1, and protein 4.2 (15-19) . In addition, the cytoplasmic domain binds hemoglobin and several glycolytic enzymes ( 15, 16, 20) .
Here, we report the first mutation ofthe band 3 protein that is coinherited with a dominantly inherited spherocytosis and a marked deficiency of band 3 protein in three generations. The mutation was detected by screening the coding region of patient band 3 cDNA for single-strand conformation polymorphisms (SSCP). Sequencing of cDNA and of the corresponding 3' portion of the band 3 gene revealed a duplication of 10 nucleotides in one band 3 allele in all five affected family members. This frameshift duplication replaces the last 90 carboxyterminal amino acids of the normal band 3 protein with a new COOH terminus of 70 amino acids, which is predicted to have a low probability of spanning the lipid bilayer.
To elucidate the molecular basis of the red cell surface area deficiency in this kindred, we measured the relative number of band 3 molecules in individual red blood cells, the band 3 content in density separated erythrocytes, the sulfate flux across the membrane, the oligomeric states of the band 3 protein, the lateral and rotational mobility of the band 3 in intact red blood cells, and the distribution of intramembrane particles in the membrane. We conclude that (a) the mutation leads to band 3 deficiency either by preventing the insertion or translocation of mutant band 3 to the plasma membrane during band 3 biosynthesis, or by causing a loss of mutant band 3 protein from the membrane before the release ofred blood cells member 111/3 was available for study; however, husbands of patients I/ I and II/ 1 were reportedly hematologically normal.
protein that is not associated with the underlying membrane skeleton; (c) band 3 deficiency leads to a proportional decrease in anion flux across the membrane; and (d) the deficiency is reflected morphologically by a decreased density of intramembrane particles. We propose that the decreased density ofintramembrane particles decreases the stability of the membrane lipid bilayer and leads to release of particle-and skeleton-free lipid vesicles from the cells which, in turn, causes surface area deficiency and spherocytosis.
Methods
Case report. We have studied a family from Prague, Czech Republic ( Fig. 1 ). Hereditary spherocytosis was diagnosed in five subjects from three generations and was inherited in an autosomal dominant fashion. Only one unaffected subject (III/ 3) was available for testing; however, husbands ofpatients I/ I and II/ I were reportedly hematologically normal. Table I shows hematological parameters in the affected family members. Before splenectomy, the affected subjects had a compensated hemolytic disease with reticulocytosis, hyperbilirubinemia, and increased osmotic fragility. After obtaining informed consent from the studied individuals, venous blood was collected into acid citrate/dextrose solution and shipped on ice overnight to Boston for evaluation.
Preparation of erythrocyte ghosts and analysis ofmembrane proteins. Within 48 h of phlebotomy, erythrocyte ghosts were prepared by the method of Dodge et al. (21) with minor modifications described in (22) . Proteins were analyzed by SDS-PAGE in 3.5-17% exponential gradient gels according to Agre's modification (2) of the original Fairbanks method (23) and in 12% Laemmli gels (24) , and the relative abundance of the major red cell membrane proteins was analyzed by densitometry.
Quantitation ofband 3 copies by cytofluorometry. Band 3 protein was quantified in individual red cells by cytofluorometry of eosin-5-maleimide (E5M)-labeled erythrocytes, essentially as described (25) . Briefly, blood was washed three times with PBS and the buffy coat was carefully removed. 40 gl of packed red cells were resuspended in 1.76 ml of PBS with 0.5% BSA and 200 ,l of a 1 mg/ml stock solution of E5M (Molecular Probes, Eugene, OR) were added. The suspension was incubated for 1 h in the dark at room temperature on a tube rocker, washed three times with PBS, and resuspended in PBS with 0.5% BSA. Erythrocytes were analyzed using a flow cytometer (Profile II; Coulter Electronics Corp., Hialeah, FL). Fluorescence at 525 nm, low angle and right angle scatter, were measured for 20,000 cells in each sample, a histogram of fluorescence intensity was plotted, and the mean fluorescence intensity and the standard deviation were calculated. SSCP analysis ofband 3 cDNA. Total reticulocyte RNA was isolated by ammonium chloride lysis (26) and reverse transcribed using random primers. SSCP screening was performed as described (27, 28) with minor modifications. Briefly, cDNA was PCR amplified in overlapping fragments of 300-400 bp. To each 10 ,l PCR reaction, 2.5 1Ci1[32P]dATP (3,000,uCi/mmol; ICN Biomedicals, Inc., Costa Mesa, CA) were added. The PCR products were diluted in formamide loading buffer (86% formamide, 10% glycerol, 20 mM EDTA, 0.25% bromophenol blue, and 0.25% xylene cyanol), heat denatured by boiling for 5 min, and quickly cooled on ice. Samples were electrophoresed at 8 W for 16 h at room temperature in a nondenaturing polyacrylamide mutation detection enhancement gel (25 ml mutation detection enhancement gel solution prepared according to manufacturer's specifications (AT Biochem, Malvern, PA), 69 ml deionized water, 6 ml lOX Tris-borate/EDTA electrophoresis buffer, 0.4 ml 10% ammonium persulfate, 40 ,l N,N,N',N'-tetramethylethylenediamine and the gel was exposed to Kodak XAR-5 film overnight at -80°C.
Sequencing of band 3 cDNA and genomic DNA. The segment of band 3 cDNA exhibiting the abnormal SSCP pattern was PCR-amplified using primers P298 (5'-CAGCGGCATCCAGCTCTTGA-3') and P195 (5'-GCCTTCCTTCCCCACCCA-3') and the Perkin-Elmer Cetus Instruments (Norwalk, CT) GeneAmp PCR reagents kit (35 cycles, 1 min at 94°C, 1 min at 55°C, and 1.5 min at 72°C). An aliquot of the PCR product was cloned into plasmid pCR II using the TA Cloning Kit (Invitrogen, San Diego, CA). 24 clones containing the PCR-amplified cDNA were prepared, pooled and sequenced on both strands using the Sequenase Version 2.0 DNA Sequencing Kit (United States Biochemical Corp., Cleveland, OH). In addition, six clones were sequenced individually. A segment ofthe band 3 gene was PCR-amplified using primers P298 and P402 (5'-CCGCTTGACGTAGGG-CACAT-3'), cloned and seven individual clones were sequenced as described above.
Detection ofthe IO nucleotide insertion by PCR and quantitation of cDNA for the normal and mutant band 3 alleles. The presence ofthe 10 nucleotide insertion was verified in the cDNA and genomic DNA ofall four additional affected family members by PCR amplification of the segment containing the insertion using flanking primers P298 and P243 (5'-TAAGTGCATGCGCCAGGTCT-3') ( (29, 30) . 5 1 .5-ml solutions of Stractan (Sigma Immunochemicals, St. Louis, MO), with densities of 1.1 1 1, 1.107, 1.094, 1.085, and 1.081 g/ml, were layered on a cushion of 1.160 g/ml density in 15 ml conical tubes (Falcon; Becton Dickinson, Lincoln Park, NJ). 1.5 ml of whole blood was diluted with 4.5 ml PBS and loaded on top of the gradient. Samples were centrifuged at 3,000 g for 30 min. Cells from the top and bottom interfaces were collected, blood smears were prepared and stained by new methylene blue, and reticulocytes were counted. The blood fractions were washed three times with PBS, the washed cells were lysed with a large excess of 5 mM phosphate buffer, pH 7.6, and red cell membranes were prepared as described (21 ) . Membranes prepared from the top and bottom fractions were electrophoresed in a 3.5-17% exponential gradient Fairbanks gel and stained with Coomassie blue, and the spectrin to band 3 ratios in the light reticulocyte-rich, and dense reticulocyte-poor fractions were calculated from a densitometric scan of the stained gel.
Extraction ofband 3 by octylglucoside. Washed red cells were lysed in 20 vol of 10 mM Tris-HCl, pH 7.4 (buffer A) and washed three times with buffer A. The ghosts were incubated for 10 min at 0°C with 10 vol of 1% N-octylglucoside (Sigma Immunochemicals) diluted in buffer A, centrifuged at 20,000 g for 15 min at 4°C, and the pellets were washed once with buffer A. 30 Ag ofprotein were electrophoresed in a 3.5-17% exponential gradient Fairbanks gel and the Coomassie blue-stained gel was analyzed by densitometry.
Separation of band 3 dimers and oligomers by size-exclusion HPLC. Erythrocyte membranes were prepared as described above. The ghosts were solubilized in 5 vol of 0.075% (vol/vol) octaethylene glycol-N-dodecyl monoether (C,2E8; Sigma Immunochemicals), 5 mM NaPO4, 0.2 mM DTT, pH 7.4 (buffer B). The supernatant extracts and ghost residues were separated by centrifugation at 100,000 g for 30 min at 4°C. In parallel, spectrin was extracted from the ghosts by incubation with low ionic strength buffer containing 0.1 mM NaPO4, 0.1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride and 0.2 mM DTT, pH 8.0 (buffer C). After a 30-min incubation at 37°C, spectrin-depleted inside-out vesicles (IOVs) were obtained by centrifugation at 40,000 g for 30 min, washed once with buffer C, and solubilized in buffer B. The supernatant extract and IOV residues were again separated by centrifugation at 100,000 g for 30 min at 4°C. Small-zone size exclusion HPLC was performed at room temperature using a 7.5 X 300-mm TSK SWXL column (TosoHAAS, Philadelphia, PA). Sample volumes of 20-250 Ml were injected and a pump (model 510, Waters Instruments, Inc., Rochester, MN) was used at a flow rate of0.5 ml/min. Protein elution was monitored at 215 nm using an absorbance detector (Spectroflow 783; Applied Biosystems, Inc., Foster City, CA). The standard elution buffer contained 0.01% CI2E8, 0.1 M NaCI in 5 mM NaPO4, pH 7.0.
Lateral and rotational mobility ofband 3, glycophorins, and membrane lipids. Lateral and rotational mobility of fluorescently labeled band 3 protein, red cell glycophorins, and membrane lipids were measured in intact washed red cells, as described (31) . Briefly, band 3 protein was labeled with E5M, glycophorins were labeled with fluorescein thiosemicarbazide (Molecular Probes), and a fluorescent lipid analog, fluorescein phosphatidylethanolamine (Avanti Polar Lipids, Alabaster, AL), was introduced into the intact red cell membrane as described (31 ) . Lateral mobility of the labeled membrane components was measured by fluorescence photobleaching recovery (31 ) and rotational mobility of band 3 was measured by polarized fluorescence depletion (31, 32) .
Sulfatefluxes and DIDS titration curves. Cells were washed three times at 40C in 140 mM NaCl, and 10 mM Na phosphate, pH 7.4 (PBS), then three times in 84 mM trisodium citrate, 1 mM EGTA, pH 6.5 . Washed cells at 20'C were subjected to assays of unidirectional disodium [355] sulfate (ICN Biomedicals, Inc.) uptake in the absence or in the presence of increasing concentrations of the anion transport inhibitor di-isothiocyano-dihydrostilbene disulphonate (DIDS; Molecular Probes) as described (33) . Each 
Results
Protein composition ofred blood cell membranes. Analysis of the red blood cell ghosts by SDS-PAGE ( Fig. 2) followed by densitometry demonstrated that the ratios of all major skeletal proteins (e.g., spectrin, ankyrin, and protein 4.1) to band 3 were proportionately increased, suggesting a 32-39% deficiency of the band 3 protein (Table II) . Immunoblotting with rabbit polyclonal anti-band 3 antibodies did not detect any major immunoreactive bands of abnormal size, except for the normally present minor degradation product of 60 kD (34 (Table II) . Screening ofband 3 cDNA for SSCP. We screened the coding region of band 3 cDNA from affected family members for SSCP (27, 28) in overlapping cDNA segments of 300-400 bp. We detected an abnormal SSCP pattern characterized by the presence of two normally migrating and two slower migrating bands (not shown) in a cDNA segment of314 bp from nt 2,423 to nt 2,736 (PCR primers P356 (5'-GCATCTTGCTTCTGT-TCAAGCCA-3')and P165(5 '-TCACACAGGCATGGCCAC-TTC)) that codes for the COOH-terminal 103 amino acids of band 3 protein.
Sequence analysis of band 3 cDNA and genomic DNA. A 482-bp segment of patient cDNA was amplified using primers P298 and P195 and cloned into vector pCRII. 24 clones containing the PCR-amplified cDNA were prepared, pooled and sequenced on both strands using the Sequenase Version 2.0 DNA Sequencing Kit (United States Biochemical Corp.). Since sequencing ofthe pooled clones indicated the presence of a 10 nucleotide insertion, six clones were sequenced individually. Three clones yielded a normal previously published sequence (35, 36) . In the three other clones, we found a duplication of a decanucleotide CACCCAGATG (bases 2,455-2,464, the first base of the initiation codon being numbered as base 1 ) (Fig. 3) . We PCR-amplified and cloned a segment ofthe band 3 gene using primers P298 and P402 (5 '-CCGCTTGACGTA-GGGCACAT-3') that, by comparison ofhuman band 3 cDNA sequence with mouse band 3 gene sequence (37) and human band 3 gene exon-exon junctions (16), should be located within an exon homologous with exon 18 ofthe mouse band 3 gene. Correspondingly, we obtained a single PCR product of82 bases in the controls and two bands of 82 and 92 bp in the patient. We cloned the patient PCR product into the pCRII vector and sequenced seven clones as described above. We detected the 10 nucleotide insertion in four clones and a normal sequence in three clones. Based on the city of origin of the kindred, we designated this abnormal allele Band 3 Prague.
Structural consequences oftheframeshift insertion. The 10-base insertion introduces a frameshift into the coding sequence ofband 3 and is predicted to create an altered COOH terminus of band 3. Since the insertion occurs 90 codons upstream from the normal stop codon, the COOH-terminal 90 amino acids of the normal band 3 protein are predicted to be replaced by an abnormal sequence of 70 amino acids. The predicted molecular weight of the mutant protein is 98.4 kD, compared with 101.7 kD for normal band 3. We calculated and plotted the hydropathy profile of the normal and mutant band 3 proteins using the computer program SOAP (Fig. 4 A) (Fig. 5 A) . Genomic DNA from all affected family members and controls was PCR amplified using primers P298 and P402, which produced a single (Fig. 5 B) , suggesting again that mRNA corresponding to both alleles ofband 3 is present in equal amounts. After higher number of cycles, the intensity of the longer band became higher than that of the normal PCR product, very likely caused by the formation of heteroduplexes.
Since equal levels of mRNAs for both band 3 alleles are present, the mutant mRNA should be translated into a mutant band 3 protein. If the mutant protein were cotranslationally inserted into the membranes ofthe endoplasmic reticulum and then properly translocated to the plasma membrane, a shorter additional band should be seen on SDS-PAGE of band 3 Prague red cell membrane proteins. However, no differences in the apparent molecular weight of band 3 protein were seen both on Coomassie blue-stained Fairbanks gels (Fig. 2) 
Band 3 content of density-separated red cells. Since the
above studies failed to demonstrate the presence ofthe mutant band 3 protein in the total population of red cell membranes, we considered the possibility that the mutant protein is lost from the cells during their circulation in vivo. Therefore, we separated the light reticulocyte-rich red cells from the dense reticulocyte-poor and presumably old red cells on discontinuous Stractan density gradients and measured the relative content of band 3 in the two fractions by SDS-PAGE. We found neither a significant difference in band 3 content between these two fractions nor a band 3 immunoreactive protein of abnormal size (not shown).
Therefore, we conclude that band 3 is not lost from the cells after their release into the circulation. Additional evidence against the loss of band 3 protein in the circulation was oW tained by cytofluorometric quantitation, which detected a small standard deviation of fluorescence intensity both in the patient erythrocytes, as well as in the normal red blood cells (Table II) . Significant loss ofband 3 protein would be expected to produce a significantly larger standard deviation of fluorescence intensity in the patient cells than in control erythrocytes.
Analysis ofthe oligomeric states ofband 3 in the membrane and the association ofband 3 with the skeleton. Band 3 protein is principally present in the normal red cell membrane in the form of dimers, tetramers, and higher order oligomers (38) . The latter two species are thought to be associated with the membrane skeleton. To establish whether the deficiency of band 3 protein affected the self-association of band 3 or the interactions of band 3 with the underlying skeleton, we first measured the retention of band 3 protein in the membrane skeleton using octylglucoside extraction of membranes. Second, we analyzed the oligomeric state of band 3 by size exclusion HPLC of C12E8 extracts from membranes and IOV.
First, we treated patient and normal membranes with a mild detergent, octylglucoside, that selectively extracts only those integral proteins that are not anchored tightly to the membrane skeleton (39) . The same amount ofband 3 protein was retained in the patient and normal skeletons. In a striking contrast, considerably less band 3 protein was released from the membranes of the HS subjects than from the control membranes (Table III) , suggesting that the band 3 deficiency pri- marily involves the extractable fraction of band 3 that is not tightly bound to the skeleton. To examine the self-association of band 3 in patient and normal membranes, we used size-exclusion HPLC. First, we measured the amount of band 3 dimers extracted by the mild nonionic detergent C,2E8 from equal numbers of patient and control membranes. C12E8 extracted 38-45% less band 3 dimers from patient than from control membranes, suggesting a deficiency of the dimeric fraction of band 3 in membranes from the affected individuals (not shown). Second, we measured the relative amounts of band 3 dimers and higher oligomers of band 3 in CI2E8-extracted spectrin-depleted IOV. The band 3 species in individual peaks were identified by comparing the HPLC profile with a profile of purified band 3 protein.
The other major transmembrane proteins, glycophorins, commigrated with the C12E8 peak. Protein analysis of individual peaks revealed the presence ofprotein 4.2 in both band 3 peaks and a small amount of ankyrin in the peak ofband 3 tetramers and higher complexes. Fig. 6 shows a typical result of 10 independent experiments demonstrating a smaller band 3 dimer/ band 3 tetramer ratio in the patient compared to the control sample, further supporting the conclusion that the deficiency of the band 3 occurs at the expense of the dimeric band 3 fraction.
Lateral and rotational mobility ofband 3 protein. Previous studies of lateral and rotational mobility of band 3 protein in the normal red cell membrane have revealed the presence of several distinct band 3 fractions. In terms of lateral mobility, two principal fractions have been identified: (a) an immobile fraction that most likely represents ankyrin-linked band 3 tetramers and higher order oligomers; and (b) a mobile fraction that most likely represents band 3 species that are not directly associated with the membrane skeleton and can, therefore, migrate laterally over m-scale distances in the plane ofthe lipid bilayer (31, 40) . Rotational mobility studies have previously identiband3dimers Figure 6 . Analysis of ankyrin/band 3 com- fied three band 3 populations: (a) a rotationally immobile fraction of band 3 molecules thought to comprise proteins bound directly to ankyrin; (b) a slowly rotating population believed to represent band 3 oligomers that are either bound indirectly to ankyrin or present as larger aggregates in the membrane; and (c) a rapidly rotating fraction consisting of band 3 species (primary dimeric and tetrameric) that rotate freely in the lipid bilayer (31, 41 ) . Thus, studies of band 3 lateral and rotational mobility in our HS kindred could provide an assessment of band 3 self-association and ofthe interaction ofband 3 with the skeleton in the intact membrane, and thereby complement our results from the HPLC studies ofthe oligomeric species ofband 3 described above. We used fluorescence photobleaching recovery to measure band 3 lateral mobility and polarized fluorescence depletion to measure band 3 rotational mobility in intact patient and control red cells. Compared to results in the control cells, there was a marked decrease in the laterally mobile fraction of band 3 in red cells from all three HS family members studied (Table IV) . In contrast, the lateral mobility of glycophorins and membrane lipids was normal. The rapidly rotating component of band 3 molecules was absent in the patient membranes, although slowly rotating and rotationally immobile forms were present (Table IV) . Thus, these results are consistent with the extraction data, suggesting that the "free" fraction of band 3 (i.e., the molecules not associated either directly or indirectly with the underlying skeleton) is selectively depleted in intact patient membranes. Anion transport. Since band 3 is the principal anion exchange protein of the red cell membrane (16), we compared anion fluxes in band 3-deficient HS and in normal red cells. We found that the 32-39% decrease in relative band 3 content by gel densitometry and 41-45% decrease by flow cytometry was reflected by a proportional, 47+15% decrease in the DIDSsensitive influx of radiolabeled sulfate that serves as a measure ofthe transport function ofband 3 (42) ( Table V) . In addition, proportionately lower concentrations of the anion transport inhibitor DIDS were needed for maximal inhibition of sulfate influx (Fig. 7) . Both the decrease in sulfate influx and the decrease in the maximally effective DIDS concentration were proportional to the degree of band 3 deficiency.
Distribution of intramembrane particles visualized by freeze-fracture electron microscopy. Since band 3 is the major component of intramembrane particles (43, 44) , we measured the size and number ofthese particles. Fig. 8 compares the low angle shadowed outer face of the inner leaflet of the lipid bilayer (P-face) ofpatient and control membranes. Quantitation of intramembrane particles in 10 different electron micrographs from each subject revealed a 22-30% decrease in particle density in the patient membranes (Table II) the duplication was a slipped mispairing during replication (45) . Two independent techniques of band 3 quantitation (i.e., measurement of spectrin to band 3 ratios by gel densitometry and the cytofluorometric quantitation of band 3 protein in single cells) revealed similar degrees of band 3 deficiency, although in flow cytometry measurement the decrease in band 3 content was slightly more pronounced: 41-45% deficiency by flow cytometry vs 32-39% deficiency by SDS-PAGE. This difference could be caused by either different sensitivities of the two approaches or a mild accompanying deficiency of spectrin and other skeletal proteins, resulting in a minor underestimation of the absolute band 3 deficiency by relative quantitation from gel densitometry. Quantitation of intramembrane particles visualized by freeze-fracture electron microscopy, the principle component of which is thought to be band 3, also reveals an 18-30% decrease in particle density in patient membranes, in good agreement with the two other methods ofband 3 quantitation. Band 3 protein deficiency in patient red cells was likewise accompanied by a proportional decrease in DIDS-inhibitable sulfate flux (Table V) .
Our data strongly suggest that the deficiency ofband 3 protein occurs primarily at the expense of the dimeric fraction of band 3 that is not associated with the membrane skeleton. The experimental results supporting this conclusion are as follows: (a) The mild detergent octylglucoside, which extracts only the fraction of band 3 that is not bound to the skeleton (39), releases considerably less band 3 from patient membranes than from normal membranes. In contrast, the postextraction ratio ofspectrin to band 3 (i.e., the fraction ofband 3 retained by the skeletons) is the same in normal and mutant red cells (Table  II) . (b) Consistent with these data, there is a relative decrease in the amount of band 3 dimer as measured by size-exclusion HPLC, whereas the amount of higher order band 3 oligomers (including tetramers) is unchanged (Fig. 6 ). (c) The laterally mobile fraction of band 3, which presumably represents the fraction ofband 3 that is not bound to the membrane skeleton, is likewise significantly decreased in patient red cells (Table  IV) . (d) The rapidly rotating fraction of band 3, which likely represents freely mobile band 3 dimers and tetramers, is absent in patient red cells (Table IV) . The difference between the rapidly rotating fraction of band 3 (presumably representing band 3 dimers and nondetectable in our experiments) and the percentage of band 3 dimers measured by size-exclusion HPLC may be caused by the fact that (a) the fraction of the rapidly rotating band 3 dimers is below the detection limits of the technique or (b) some of the band 3 dimers in the extracts used for the HPLC study may originate from band 3 tetramers that dissociated into dimers during preparation of the extract. Although the data are not quantitatively the same, they are qualitatively identical, pointing out that the band 3 deficiency leads to a decrease in the dimeric fraction of band 3. We found equal amounts of mRNA for both mutant and normal band 3 alleles in the affected family members, suggesting that the insertion does not lead to preferential transcription or processing of one of the band 3 alleles (Fig. 5) . At the same time, we did not detect the mutant protein in the mature red cell membrane. The mechanism leading to band 3 deficiency in red cell membranes of affected individuals is unknown. We propose the following hypothetical possibilities: (a) abnormal translocation of mutant band 3 from the endoplasmic reticulum to the plasma membrane, (b) decreased cotranslational insertion of band 3 into membranes ofthe endoplasmic reticulum, (c) a rapid degradation ofthe mutant protein in the membrane of bone marrow erythroblasts, or (d) loss from the cells during enucleation which is preceded by a marked reorganization ofthe erythroblast plasma membrane (46) . With regard to the first hypothetical mechanism of band 3 deficiency, it is important to also consider a possibility ofaltered interaction of mutant band 3 protein with glycophorin A, since recent studies of Tanner and co-workers indicate that glycophorin A may help ferry band 3 from the endoplasmic reticulum to the plasma membrane (47) . The second possibility is probably the least likely, since internal signal sequence either precedes or is coincident with the first membrane spanning segment (48) . On the other hand, our data exclude a possibility that the band 3 deficiency is a consequence of a progressive loss of band 3 from the plasma membrane during the circulation or red blood cells in vivo. Evidence for this conclusion includes the absence of differences in band 3 content between the light reticulocyterich, and dense presumably old, red cell fractions isolated on Stractan density gradients. In addition, the number of eosin maleimide labeled band 3 molecules per red cell is similar for most cells, since the standard deviation of single cell fluorescence intensity is low as measured by flow cytometry. Ifband 3 protein were lost progressively from circulating red cells, much wider distribution of erythrocyte band 3 content would be expected.
Using freeze-fracture electron microscopy, we detected a decrease in the surface density of intramembrane particles in patient red cells (Fig. 8) . Band 3 protein, together with other integral membrane proteins is thought to stabilize the membrane by interacting with adjacent (boundary) lipid molecules (49). A decrease in the content of band 3 could lead to formation ofprotein-free areas ofthe lipid bilayer lacking the stabilizing protein-lipid and protein-protein interactions, as was proposed by Lux and co-workers on the basis of radioimmunoassay and SDS-PAGE analysis of spectrin, ankyrin and band 3 content in red cell membranes ( 13) . Such areas of the membrane might be unstable and abnormally susceptible to release from the membrane. We propose that a release of such membrane material likely represents the mechanism leading to surface area deficiency and spherocytosis in red cells from the studied family. Such a hypothesis is supported by earlier studies revealing that clustering of intramembrane particles in ghosts is followed by a formation of particle-free blebs, which are the sites of lipid loss from the membrane via microvesicle formation (50) .
In conclusion, we report a heritable frameshift insertion of 10 nucleotides in the band 3 gene that represents the first reported band 3 mutation associated with spherocytosis and a partial deficiency of the band 3 protein. The band 3 deficiency is further reflected by a decrease in the rate of transmembrane sulfate flux and a decrease in the number of DIDS-inhibitable sulfate transporters. Since we did not detect the mutant protein in the membrane, we suggest that the likely mechanism leading to band 3 deficiency is the inability of the protein product of the mutant allele to be cither stably inserted into the endoplasmic reticulum membrane or properly translocated to the plasma membrane, or that it is lost from the erythroblast membrane before the release of red cells into the circulation. We demonstrate that the band 3 deficiency principally involves a decrease in the dimeric fraction ofthe band 3 protein, which is both laterally and rotationally mobile and presumably not bound to the membrane skeleton in control red cells. Lastly, the finding of a decreased density of intramembrane particles leads us to propose that the surface area deficiency and spherocytosis in affected red cells may be caused by the release oflipid vesicles at the sites of intramembrane particle-free areas ofthe lipid bilayer.
